Introduction
============

The substance 20(S)-protopanaxadiol (PPD) is mainly derived from ginseng and is an aglycon of the PPD-containing ginsenosides, such as ginsenoside Rb1, Rb2, Rb3, Rh2, and Rg3 ([Figure 1](#f1-ijn-8-545){ref-type="fig"}). Moreover, it is the main metabolite of the PPD-type ginsenosides as well as the product of their acid hydrolysis.[@b1-ijn-8-545]--[@b5-ijn-8-545] PPD saponins, such as Rg3 and Rh2, have been shown to possess a variety of beneficial effects for antitumor, antifatigue, antiaging, anticancer, and immune regulatory processes.[@b6-ijn-8-545]--[@b8-ijn-8-545] Moreover, the pharmacological effects of PPD are similar to or stronger than those of Rh2 and Rg3.[@b9-ijn-8-545]--[@b11-ijn-8-545] Thus, PPD is a potential therapeutic agent for the prevention and treatment of cancer and tumor.[@b12-ijn-8-545],[@b13-ijn-8-545] However, its poor solubility and low permeability are associated with its poor absorption and bioavailability, which hinder its development and therapeutic use.[@b14-ijn-8-545]

The poor water solubility of PPD has limited its use, and it is clinically important to resolve this problem. In addition to several traditional approaches, such as the addition of a solubilizer or auxiliary solvent and the use of mixed solvents, methods such as salt formation, pro-drug formation by chemical modification, preparation of solid dispersion, or use of cyclodextrin inclusion compounds, have been employed to improve the solubility of hydrophobic drugs.[@b15-ijn-8-545]--[@b17-ijn-8-545] However, mixed micelles are emerging as novel drug delivery vehicles and have been adopted in recent years to improve the bioavailability and solubility of hydrophobic drugs, thus gaining increasing attention. Moreover, the nanometer size of the micelles contributes to their high stability both in vitro and in vivo, and good biocompatibility. Micelles can solubilize a broad variety of poorly soluble pharmaceuticals, and many of these drug-loaded micelles are currently at different stages of preclinical and clinical trials.[@b18-ijn-8-545]

Thus, nanotechnological approaches exhibit considerable potential for increasing solubility and enhancing absorption. It has been reported that the mixed micelles system is one of the most promising strategies to deliver poorly soluble anticancer drugs.[@b19-ijn-8-545]--[@b22-ijn-8-545] To improve the water solubility and therapeutic efficacy of PPD, a novel micelle loaded with PPD--phospholipid complex was prepared using the solvent-evaporation method in this study. Its physical properties were characterized. Transport was examined using the Caco-2 monolayer model, and pharmacokinetic studies in rats were performed, to evaluate the improvement of the solubility, absorption, and bioavailability of the hydrophobic drugs.

Materials and methods
=====================

Materials
---------

The materials 20(S)-PPD and ginsenoside-Rh2(S) (purity \> 98%) were purchased from ZeLang Pharmaceuticals Technology Co, Ltd (Nanjing, China). Soybean phospholipids were purchased from Taiwei Pharmaceutical Co, Ltd (Shanghai China). Labrasol^®^ (Gattefossé, St-Priest, France) was provided by Thanch Pharmaceuticals Technology Co, Ltd (Shanghai, China). Hank's balanced salt solution (HBSS) and purified water from Milli-Q water (EMD Millipore, Billerica, MA, USA) were prepared in the laboratory. Acetonitrile and methanol (Merck and Co, Inc, Whitehouse Station, NJ, USA) were of chromatographic grade. All of the other reagents were analytically pure.

Preparation of the mixed micelles consisting of PPD--phospholipid complexes and Labrasol
----------------------------------------------------------------------------------------

The PPD--phospholipid complexes enriched with micelles were prepared using the solvent-evaporation method. Briefly, PPD and phospholipid were dissolved in 10 mL of anhydrous ethanol at 50°C, with gentle agitation (40 r/min) for about 1 hour, until a clear mixture was formed. Next, Labrasol was introduced, followed by gentle agitation (40 r/min) for about 1 hour until the mixed micelles formed. Subsequently, 20 mL of prewarmed distilled water was added, and minutes later, the solution was evaporated in a rotator evaporator at 50 rpm, 50°C, and under a vacuum of −0.1 MPa, to remove the alcohol. To obtain the micelles, the sample was subjected to centrifugation at 13,000 rpm for 15 minutes, and the cellulose acetate filters (pore size: 0.45 μm) were filtrated to remove the insoluble substances. A portion of the filtrate was stored for further application or characterization.

Determination of the particle size and zeta potential of the micelles
---------------------------------------------------------------------

The particle size and zeta potential of the prepared micelles were determined by dynamic light scattering using a Zetasizer Nano-DTS 1060 (Malvern Instruments Ltd, Malvern, UK). The measurements were performed at a scattering angle of 90°, after 5 minutes of equilibration of the micelles solution. The temperature was maintained at 25°C during the measurements. All of the results were the average of at least three independent samples.

Morphological characterization
------------------------------

Transmission electron microscopy (TEM) is one of the most common methods used to characterize the morphology of nanoscopic and mixed micelles. The morphology of the prepared micelles in water was observed using TEM (JEM-1200EX; JEOL Ltd, Tokyo, Japan). One drop of the diluted micelles (PPD--phospholipid complex/Labrasol 1:3) was placed on a copper grid with nitrocellulose covering. Prior to observation, the sample was negatively stained with 2% (w/v) phosphotungstic acid for 5 minutes and dried at room temperature.

Differential scanning calorimetry (DSC)
---------------------------------------

The physicochemical properties of the PPD in micelles were evaluated with differential scanning calorimetry. Prior to testing, the solid sample was dried at 40°C to remove residual water. The analysis of the PPD, phospholipid, Labrasol, the physical mixture, and mixed micelles was performed using a nitrogen atmosphere DSC (DSC-60; Shimadzu Corp, Kyoto, Japan), and each sample was heated from 10°C to 500°C at an increasing temperature speed of 10°C per minute.

Drug loading (DL) and drug entrapment efficiency (EE)
-----------------------------------------------------

DL and EE were measured using a high-performance liquid chromatography (HPLC) method. The HPLC system was an Agilent 1200 system (Agilent Technologies, Santa Clara, CA, USA) equipped with a UV detector set at 203 nm. The separation was performed on a RP-C18 column (Alltech Alltima; Grace, Columbia, MD, USA; 5 μm, 4.6 mm × 250 mm). The mobile phase of the acetonitrile and deionized water (90/10, v/v) was used at a flow rate of 1.0 mL/min, and the column temperature was maintained at 30°C. The EE and DL were measured as follows: Briefly, the prepared micelles were dissolved in ethanol and then centrifuged at 13,000 rpm for 15 minutes to obtain the supernatant. The amount of PPD in the resulting solution was then analyzed by HPLC. Each sample was measured three times. The DL and EE were calculated using the following equations: $$\begin{matrix}
{\text{EE}(\%) = {\text{Amount}\,\text{of}\,\text{drug}\,\text{in}\,\text{micelles}/}} \\
{\text{Amount}\,\text{of}\,\text{drug}\,\text{added};} \\
\end{matrix}$$ $$\begin{matrix}
{\text{DL}(\%) = {\text{Amount}\,\text{of}\,\text{drug}\,\text{in}\,\text{micelles}/}} \\
{\text{Amount}\,\text{of}\,\text{phospholipid}\,\text{complex} + \text{Labrasol}.} \\
\end{matrix}$$

Solubility measurements
-----------------------

The water solubility was determined by shaking excess solute in water. Excess amounts of the mixed micelles were then dispersed in 2 mL of water and were shaken at a speed of 40 r/min for 24 hours, in a heated water bath at 37°C, until the solution reach a balance. The solution was then centrifuged at 13,000 rpm for 15 minutes and filtered using a 0.45 μm membrane. The solubility of free PPD was measured with the same method. The PPD amount in the saturated solution was determined by HPLC, as previously described.

In vitro release studies
------------------------

The in vitro release of PPD from the mixed micelles under sink conditions was investigated using dialysis in a simulated intestinal medium, with the addition of 0.5% Tween^®^-80 (AMRESCO LLC, Solon, OH, USA) as the release medium. Briefly, 5 mL of prepared micelles solution was added into a dialysis bag (molecular weight cut-off \[MWCO\] = 6000--8000 Da; Spectrum Laboratories Inc, Rancho Dominguez, CA, USA), and the dialysis bag was placed into the release medium, with a paddle revolution speed of 100 rpm, at 37°C. At specific time intervals, 2 mL of the medium was withdrawn for sample analysis and replaced with an equal volume of prewarmed fresh media. The concentration of the released PPD was determined by HPLC, and the cumulative release profile of the drug at each time point was verified. Each experiment was performed in triplicate.

Cell culture and transport studies through Caco-2 cells
-------------------------------------------------------

The human cloned Caco-2 TC7 cells were kindly donated by Dr Ming Hu of INSERM U178 (Houston, TX, USA). The Caco-2 cells were seeded on to polycarbonate inserts in Transwell^®^ 6-well plates (growth area, 4.2 cm^2^) at a density of 100,000 cells/cm^2^ and grown in Dulbecco's modified Eagle's medium (\[DMEM\] pH 7.4) supplemented with 10% fetal bovine serum, which was changed every other day. The Caco-2 cells were incubated in a humidified atmosphere of 5% CO~2~/95% air at 37°C. Transport studies were performed with the cell monolayers, which were cultured for 21--23 days.

Prior to the transport studies, transepithelial electrical resistance (TEER) was measured as a marker of the integrity of each monolayer. The Caco-2 cell monolayer was only used in the experiments if the TEER value of the cell monolayer was greater than 300 Ω/cm^2^. After the culture medium was removed by aspiration, the Caco-2 cell monolayer was washed three times with 37°C HBSS (pH 7.4), and the monolayer was incubated for 1 hour in HBSS at 37°C with 2.5 and 2.9 mL of the incubation medium on the apical and basal sides, respectively. After the medium was removed, the incubation medium--containing PPD and its micelles solution were added to either the apical (2.5 mL) or basal side (2.9 mL). A control vehicle incubation medium was added to the opposite side (basal, 2.9 mL; apical, 2.5 mL), and the Transwell culture plate was placed in a shaker at 50 rpm and 37°C. Transport from the apical side to basal side: HBSS-containing compounds were added to the apical side and (control) HBSS was added to the basal side. Transport from the basal side to apical side: HBSS-containing compounds were added to the basal side and HBSS was added to the apical side. Donor (400 μL) and receiver samples (400 μL) were obtained at intervals of 1, 2, 3, and 4 hours, followed by the addition of 400 μL drug donor solution to the donor side or 400 μL of blank buffer to the receiver side. The amount of transported PPD was then determined by HPLC. Following the transport studies, the TEER value was remeasured to confirm the integrity of the cell monolayer.

In vivo studies
---------------

Male Sprague Dawley (SD) rats were obtained from the SLEK Lab Animal Center of Shanghai (Shanghai, China), and the rats were housed in a 12-hour light and 12-hour dark cycle. The rats had access to food and water ad libitum. The animal tests were performed in accordance with the guidelines of the Institution of Animal Care and Use Committee of Jiangsu Provincial Academy of Chinese Medicine (Nanjing, China). All of the animal studies were approved by the Animal Ethics Committee of Jiangsu Provincial Academy of Chinese Medicine.

Twelve healthy SD rats weighing 200 to 250 g were randomly divided into two groups: intragastric administration of free PPD (Group A); and intragastric administration of mixed micelles (Group B). Prior to the experiment, the rats were fasted for 12 hours but were allowed free access to water. Afterwards, the rats were administered free PPD and preparations of micelles (equivalent to 4 mg/kg of PPD) intragastrically. Next, 1.5 mL of blood was collected through orbital sinus bleeding, into heparin-containing tubes at 0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 hours after oral administration. The heparinized blood samples were then separated by centrifugation at 4000 rpm for 15 minutes, in a refrigerated centrifuge, and the supernatant sample of blood plasma was separated and transferred into 2 mL centrifuge tubes. The plasma samples were stored at −20°C until further analysis.

Prior to the analysis, a 100 μL aliquot of plasma sample (stored previously) was added into the centrifuge tube in addition to 20 μL of internal standard solution (ginsenoside-Rh2, 50 ng/mL), followed by vortexing for 1 minute. Next, 900 μL of ethyl acetate was added into each tube and vortex-mixed for 5 minutes, to fully precipitate the protein and extract PPD from the plasma sample. Next, the samples were centrifuged at 13,000 rpm for 15 minutes to obtain the supernatant, which was then transferred into another tube and evaporated to dryness at 25°C, using a Thermo Savant SPD 2010 Speed Vac System (Thermo Fisher Scientific, Waltham, MA, USA). The residue was dissolved in 200 μL of methanol and centrifuged for 15 minutes at 13,000 rpm. The supernatant (20 μL) was injected into an HPLC-mass spectrometer for analysis. The pharmacokinetic parameters, including maximum concentration (C~max~), time to peak concentration (T~max~), half-life (t~1/2~), mass/retention time (MRT), AUC~0--t~ and AUC~0--∞~ were calculated by compartmental analysis using the software program DAS (v 1.0; Consoft Systems Pvt Ltd, Hyderabad, India).

Chromatographic conditions and mass spectrometric conditions
------------------------------------------------------------

Separation was performed on a SB-C18 analytical column (Zorbax extend, 150 mm × 2.1 mm id, 5 μm; Agilent) with a mobile phase of methanol and water (95:5, v/v), at a flow rate of 0.4 mL/min. The mass spectrometer was operated in the positive ion mode. In the atmospheric-pressure chemical ionization (APCI) source mode, the probe was set at 4.0 kV, and the temperature of the probe was maintained at 350°C. The nitrogen served as a nebulizing gas (flow rate: 1.0 L/min). Mass spectra were obtained at a dwell time of 0.2 and 1 second in SIM and scan mode, respectively. The masses were scanned from m/z 300 to 500, where the major fragment ions were detected. The SIM mode positive ions of PPD and Rh~2~ were monitored at an m/z of 425 and 318, respectively.

Data analysis
-------------

The transport rate through the Caco-2 cell monolayer was expressed as the apparent permeability coefficient (P~app~) and was calculated using the following equation, as reported by Artursson and Karlson:[@b23-ijn-8-545] $$\text{P}_{\text{app}} = \frac{\text{V}}{\text{S} \times \text{C}} \times \frac{\text{dC}}{\text{dt}} = \frac{1}{\text{S} \times \text{C}} \times \frac{\text{dM}}{\text{dt}},$$where V is the volume of the receiver, S is the surface area of the cell monolayer, C is the initial concentration, dC/dt is the rate of concentration change on the receiver side, and dM/dt is the rate of drug transport.

Statistical analysis
--------------------

The statistical analysis of the samples was performed using a Student's *t*-test. All of the data were represented as the mean ± standard deviation (SD). The experiments were performed in triplicate unless otherwise stated, and *P* \< 0.05 was considered statistically significant.

Result
======

Particle size and zeta potential of micelles
--------------------------------------------

The particle size and zeta potential are important indices for micelles. The average particle size and zeta potential of the micelles at different weight ratios of the PPD--phospholipid complexes and Labrasol are presented in [Table 1](#t1-ijn-8-545){ref-type="table"}. An increase in the relative amount of Labrasol to PPD--phospholipid complex resulted in a clear decrease in the particle size and zeta potential. When the ratio reached 1:3, the particle size demonstrated an average distribution of 90.5 ± 0.8 nm, and the micelles solution was negatively charged, with a mean zeta potential of approximately −28.6 ± 0.2 mV. The high absolute value of the zeta potential indicated that the micelles solution demonstrated good stability. Small particle sizes and high zeta potentials contribute to the stability of the micelles following oral administration. Thus, in the following transport and pharmacokinetic studies, we used mixed micelles with small particle size and high zeta potential.

Morphological characterization
------------------------------

Using TEM, we performed a morphological study of the prepared PPD-enriched micelles and showed that the micelles exhibited a regular spherical or spheroid morphology, with an average diameter of approximately 42.2 ± 0.3 nm. These measurements were significantly different from the results obtained with the spectrometer. This difference was mainly due to water evaporation in the electron microscopy experiments, where the micelles exhibited a dry state and lacked a hydration layer, thus resulting in their smaller size. The TEM image is shown in [Figure 2](#f2-ijn-8-545){ref-type="fig"}.

DSC
---

DSC is a rapid and reliable technique and was used to investigate the physical status of the PPD inside the micelles. DSC thermograms of different samples (PPD, phospholipid, Labrasol, physical mixture, and the micelles) are shown in [Figure 3](#f3-ijn-8-545){ref-type="fig"}. The DSC curve of the PPD ([Figure 3A](#f3-ijn-8-545){ref-type="fig"}) exhibited a sharp endothermic peak at 214.5°C, which corresponds to its melting point, indicating its crystalline nature. This was followed by an exothermic peak at 448.9°C, which might be attributed to the partial pyrolysis of PPD. However, the phospholipids did not demonstrate sharp endothermal peaks, and the Labrasol exhibited only one sharp endothermic peak at approximately 350°C. The thermogram of the physical mixture showed all of the endothermic peaks of PPD, phospholipids, and Labrasol, which indicated that the physical mixture did not affect the structure of each sample. As shown in [Figure 3E](#f3-ijn-8-545){ref-type="fig"}, the DSC thermogram of the micelles showed only one endothermic peak corresponding to Labrasol, and the endothermic peaks corresponding to PPD had disappeared. These results demonstrated that the PPD was encapsulated inside the mixed micelles in a molecular or amorphous state, resulting in the lack of free drug on the micelle surfaces.

DL and EE
---------

DL and EE are important indices to evaluate whether or not the PPD is suitable for preparation into the micelles. The DL of the mixed micelles (1:3) was 17.24% ± 2.09%, and EE of the prepared micelles was 93.53% ± 2.28%, as shown in [Table 2](#t2-ijn-8-545){ref-type="table"}. These results suggest that the encapsulation of PPD in the mixed micelles system was high at this DL, but the DL of high proportion was too low. Therefore, considering the particle size and the amount of DL, we selected the mixed micelles (1:3).

Solubility measurements
-----------------------

To evaluate whether any increase in drug solubility occurred in the presence of the mixed micelles, solubility studies of the PPD-enriched micelles were performed, and the results are shown in [Table 2](#t2-ijn-8-545){ref-type="table"}. The solubility of the PPD in the mixed micelles was significantly higher than that of free PPD. In addition, the solubility of the PPD in the mixed micelles was 89.82 ± 1.13 μg/mL (1:1) and 192.41 ± 2.58 μg/mL (1:3) at different mass ratios of Labrasol. The water solubility of the PPD was clearly increased, by approximately 64-fold, compared with the water solubility of free PPD (3 μg/mL) at room temperature, which demonstrates that the micelles (1:3) could significantly increase the solubility of PPD. This was mainly due to the structure of Labrasol, which caused stronger hydrophobic interactions between the PPD--phospholipid complex and Labrasol.

In vitro release studies
------------------------

The in vitro release was measured to evaluate the promoting effects of the mixed micelles on the in vitro release. The release behaviors of free PPD and the micelles in the simulated intestinal medium under sink conditions are shown in [Figure 4](#f4-ijn-8-545){ref-type="fig"}, which shows that free PPD was released more rapidly, while the mixed micelles release curve was more stable. Compared with free PPD, approximately 20% of the PPD was released from the micelles within the first 12 hours and was continuously released over 1 week. In contrast, more than 90% of the free PPD was released within 24 hours. These findings suggest that the mixed micelles had a specific, sustained release effect on the in vitro release, possibly due to the high affinity of the PPD and the hydrophobic domain in the micelles, which contributed to its inefficient release from nanoparticles.

Transport through Caco-2 cells
------------------------------

The Caco-2 cell monolayer was used to investigate drug absorption in this study. The effect of the micelles on the transport via the Caco-2 cell monolayer was measured. The bidirectional transport of free PPD and PPD enriched with micelles through the Caco-2 cell monolayer was also investigated. These results are shown in [Table 3](#t3-ijn-8-545){ref-type="table"} and [Figure 5](#f5-ijn-8-545){ref-type="fig"}. The permeability of free PPD and mixed micelles, from the apical to basal side, was (1.12 ± 0.21) × 10^6^ cm/s and (1.78 ± 0.37) × 10^6^ cm/s, respectively, and the permeability of transport in the opposite direction (basal to apical side) of the micelles was (2.42 ± 0.16) × 10^6^ cm/s compared with (2.12 ± 0.32) ×10^6^ cm/s in the free PPD solution. As a result, at the end of the 4 hours transport study using Caco-2 cells, the efflux ratio (the ratio of the P~app~ basolateral-apical to P~app~ apical-basolateral) of the mixed micelles was 1.12 (decrease of 108%) compared with 2.16 for the free PPD. Thus, the mixed micelles in this study effectively increased the absorption and inhibited excretion. Before and after the experiment, the average TEER value was 485 Ω/cm^2^ and 452 Ω/cm^2^, respectively, which showed that the Caco-2 cell monolayers maintained their integrity during the study.

Pharmacokinetics study in rats
------------------------------

The method used in this study was successfully applied to quantify the PPD in rat plasma following oral administration 4 mg/kg PPD and mixed micelles (equivalent to 4 mg/kg PPD). The mean plasma concentration-time profiles are shown in [Figure 6](#f6-ijn-8-545){ref-type="fig"}, and the main pharmacokinetic parameters of the PPD are depicted in [Table 4](#t4-ijn-8-545){ref-type="table"}. These two curves were both characterized by a rapid increase and subsequent slow decrease.

The average C~max~ of PPD was 74.87 ± 25.38 ng/mL, and this corresponds to the mean T~max~ value, which was 90 ± 7.75 minutes after oral administration of free PPD. The C~max~ of the PPD was 141.87 ± 63.26 ng/mL at a T~max~ of 90 ± 22.58 minutes after oral administration of the mixed micelles. Compared with the PPD, the t~1/2~ of the mixed micelles exhibited no significant change. The average values of the AUC~0--∞~ (mg/L·min) of the PPD and micelles were 28.41 ± 822 and 61.47 ± 62.39, respectively, which suggested that novel mixed micelles with PPD--phospholipid complexes and Labrasol could promote absorption and increase relative bioavailability (116.37% increase). In this study, Labrasol was not only used as a surfactant, but also as an absorption enhancer, which resulted in enhanced absorption and greater bioavailability.

Discussion
==========

Previous studies have shown that micelles are ideal vehicles for the delivery of hydrophobic drugs. Mixed micelles have a core-shell structure, and poorly soluble drugs may be solubilized within the hydrophobic inner core of the micelles. Thus, micelle delivery can be an effective approach to improve the curative effect of insoluble drugs. Phospholipids are amphoteric compounds and an important component of the cell membrane; they maintain cell membrane fluidity and enable drugs to be easily absorbed. Drug--phospholipid complexes are novel drug-carrier systems that were initially described by the Italian researcher Bombardelli during his studies on liposomes.[@b24-ijn-8-545] The active components of traditional Chinese medicine and phospholipids form phospholipid complexes under specific conditions. As reported, the phospholipid complexes of oxymatrine, baicalin, catechin, puerarin, and quercetin improved gastrointestinal absorption and increased bioavailability.[@b25-ijn-8-545]--[@b29-ijn-8-545] However, the low water solubility of the phospholipid complex limits its application. Fortunately, compared with the free drug, the phospholipid complex easily forms micelles (due to its lipophilic alkyl tails) and can form mixed micelles of phospholipid complexes and the surfactant Labrasol, (which was targeted, in this study, to increase the solubility and permeability of PPD).

In most therapeutic agents, the oral route is still the most convenient for drug administration. The preparation of micelles in studies is similar, and thus it is important to choose a good model to investigate its absorption in the gastrointestinal system. There are many different types of test models that can be used to investigate drug absorption in the gastrointestinal system. Although the most reliable results may be obtained using human in vivo experiments, there are different methods available for in vitro and in vivo study. The Caco-2 cell monolayer model, which is routinely used to simulate the drug absorption process, is recognized by the US Food and Drug Administration (FDA)[@b30-ijn-8-545] as a viable model of human small-intestinal absorption, because it exhibits a well-differentiated brush border on its apical surface, tight junctions, and it expresses typical small-intestinal microvillus hydrolases and various cytochrome P450 isoforms, and P-glycoprotein and phase II enzymes such as UDP-glucuronosyltransferases, sulfotransferases, and glutathione-S-transferases.[@b31-ijn-8-545] Several of these transporters promote drug absorption;[@b32-ijn-8-545] however, P-glycoprotein is known to restrict drug absorption in the intestinal mucosa.[@b33-ijn-8-545] The Caco-2 cell lines have been previously used in oral absorption studies, and it has been established as the most popular in vitro model to evaluate drug transport.[@b34-ijn-8-545],[@b35-ijn-8-545] In addition, another model was performed in rats, which may better simulate the absorption in vivo.

Labrasol (Caprylocaproyl macrogol-8 glycerides) is an oil- and water-soluble liquid. The chemical structure of Labrasol exhibits both a hydrophilic group and lipophilic allyl, resulting in amphiphilic properties. Its characteristic structure and low toxicity also make it a good nonionic surfactant in oral drug formulations. Moreover, Labrasol has been extensively used for the solubilization of hydrophobic drugs, as an emulsifier and absorption enhancer.[@b36-ijn-8-545] More recently, it was reported that Labrasol exhibits a strong absorption-enhancing effect and that intestinal absorption of different poorly absorbable drugs, including gentamycin, insulin, and vancomycin, was improved in its presence.[@b37-ijn-8-545]--[@b39-ijn-8-545] It has been demonstrated that Labrasol might inhibit the function of P-glycoprotein in the intestine, which inhibits excretion and increases intestinal absorption and bioavailability.[@b40-ijn-8-545] In this study, we developed mixed micelles consisting of PPD--phospholipid complexes and Labrasol, to increase the water solubility and permeability of PPD. In the mixed micelles, PPD--phospholipid complexes were formed between the PPD C-OH and phospholipids via hydrogen bond interactions or van der Waals forces and the structure of polyethylene glycol in Labrasol (via its hydrophobic segments). This results in the aggregation at its core, making it hydrophilic. Thus, poorly soluble drugs can be made soluble within the hydrophobic inner core of a micelle and the hydrophilic shell interface of the biological media. As a result, micelles can substantially improve the solubility and bioavailability of various hydrophobic drugs.

The drug-release profiles in [Figure 4](#f4-ijn-8-545){ref-type="fig"} suggest that no more than 90% of PPD from the micelles was released in a week, which indicates a very slow release. This might be due to the fact that PPD and phospholipid could form the hydrophobic core of the micelles and that the hydrophobic tails of PPD--phospholipid complexes were combined with the lipophilic chains of Labrasol. Therefore, there existed a good affinity between PPD and the hydrophobic group of phospholipid and Labrasol; meanwhile, the polyethylene glycol chains of Labrasol could also block drug release from the micelles. These results are consistent with the work reported by Ganta et al.[@b41-ijn-8-545] The transport studies of the mixed micelles showed that in the same concentration, the permeability of the micelles was greater than that of the free PPD solution, and the ratio of the P~app~ basolateral-apical to P~app~ apical-basolateral (efflux radio) was largely reduced (from 2.16 to 1.19) compared with the free PPD solution. This indicates good absorption, and similar results were found in the pharmacokinetics study performed in rats. We estimated that the enhanced bioavailability of PPD was more likely due to facilitated absorption by the formation of micelles rather than an improved release. This significant absorption-promoting effect may be attributed to micelles that were absorbed by the adsorptive endocytosis pathway.[@b42-ijn-8-545] The internalization of the carrier may have been triggered by nonspecific interactions between the intestinal cells and micelles.[@b43-ijn-8-545] In addition, the micelles may have been absorbed by fluid-phase pinocytosis, which also results in the membrane invagination and vesicle formation.

Although it exhibits low water solubility and absorptive permeability, PPD is still a potential anticancer drug. In the present study, novel mixed micelles with PPD--phospholipid complexes and Labrasol were prepared using the solvent-evaporation method. These functional micelles provided several clear advantages, such as excellent solubility of hydrophobic drugs, extended circulating properties, good absorption, and bioavailability in vivo. Furthermore, the mean particle size of the micelles was 90.5 ± 0.8 nm, and the average zeta potential was −28.6 ± 0.2 mV. The smaller size and higher zeta potential values indicate that the micelles would be more easily absorbed and more stable. In addition, during the preparation of the micelles, the particle size, zeta potential, drug loading, encapsulation efficiency, and solubility can be adjusted by varying the weight ratio of the PPD, phospholipids, and Labrasol. Thus, the micelles are capable of delivering drugs into poorly permeable tumors and cancers.[@b44-ijn-8-545] In addition, novel mixed micelles consisting of phospholipid complexes and Labrasol increase water solubility, enhance absorption, and improve bioavailability.

Conclusion
==========

In this study, mixed micelles consisting of PPD--phospholipid complexes and Labrasol were successfully prepared using the solvent-evaporation method. The maximum solubility value of the PPD in the micelles was at least 64 times greater than the water solubility of free PPD. The small particle size and high zeta potential indicated that the micelles were easily absorbed and more stable. The high DL and drug EE confirmed its suitability for micelle preparation. Endothermal peaks in the DSC graphs of the mixed micelles suggested that the PPD was encapsulated in the micelles. The micelles exhibited a slow release compared with the free drug. Transport studies and in vivo studies performed in rats demonstrated that the prepared micelles increased permeability and relative bioavailability. Taken together, the micelles system, consisting of PPD--phospholipid complexes and Labrasol, significantly increased solubility, enhanced absorption, and improved bioavailability. As a result, this study demonstrates the potential of micelles as a novel delivery vehicle.
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![TEM image of prepared micelles in water.\
**Abbreviation:** TEM, transmission electron microscopy.](ijn-8-545f2){#f2-ijn-8-545}

![DSC analysis of (**A**) PPD; (**B**) phospholipid; (**C**) Labrasol^®^ (gattefossé, St-Priest, France); (**D**) physical mixture; and (**E**) the micelles (1:3).\
**Abbreviations:** DSC, differential scanning calorimetry; PPD, 20(S)-protopanaxadiol.](ijn-8-545f3){#f3-ijn-8-545}

![Drug release profiles of free PPD and the mixed micelles (1:3) in the simulated intestinal medium, with addition of 0.5% Tween^®^-80 (AMRESCO LLC, Solon, OH, USA) as a sink solution at pH 6.8.\
**Abbreviation:** PPD, 20(S)-protopanaxadiol.](ijn-8-545f4){#f4-ijn-8-545}

![Permeability of PPD and the micelles.\
**Notes:** The data are presented as mean ± standard deviation, n = 3. \**P* \< 0.05 versus PPD group.\
**Abbreviations:** P~app~, apparent permeability coefficient; P~AB~, absorptive permeability; P~BA~, secretory permeability; PPD, 20(S)-protopanaxadiol.](ijn-8-545f5){#f5-ijn-8-545}

![Mean plasma concentration time profiles of PPD in rats after a single oral administration of (**A**) PPD and (**B**) the mixed micelles consisting of PPD-- phospholipid complex and Labrasol^®^ (Gattefossé, St-Priest, France).\
**Notes:** The data are presented as mean ± standard deviation, n = 6.\
**Abbreviations:** PPD, 20(S)-protopanaxadiol.](ijn-8-545f6){#f6-ijn-8-545}

###### 

Mean particle size, zeta potential, and PDI of the micelles with different mass ratios of PPD--phospholipid complex and Labrasol^®^ (Gattefossé, St-Priest, France)

  **Micelles (ratio of PPD--phospholipid complex and Labrasol)**   **Average size (nm)**   **Zeta potential (mV)**   **PDI**
  ---------------------------------------------------------------- ----------------------- ------------------------- ---------------
  1:1                                                              132.6 ± 8.2             −14.2 ± 3.9               0.251 ± 0.023
  1:3                                                              90.5 ± 1.8              −28.6 ± 1.2               0.186 ± 0.015
  1:6                                                              68.7 ± 1.2              −30.5 ± 2.1               0.169 ± 0.019
  1:9                                                              43.1 ± 1.4              −29.8 ± 1.6               0.153 ± 0.012

**Note:** n = 3.

**Abbreviations:** PPD, 20(S)-protopanaxadiol; PDI, protein dispersibility index.

###### 

Solubility, drug loading, and entrapment efficiency of the mixed micelles with different mass ratios of PPD--phospholipid complex and Labrasol^®^ (Gattefossé, St-Priest, France)

  **Micelles (ratio of PPD--phospholipid complex and Labrasol)**   **Solubility (μg/mL)**   **EE (%)**       **DL (%)**
  ---------------------------------------------------------------- ------------------------ ---------------- ----------------
  1:1                                                              89.82 ± 1.13             83.28% ± 1.91%   17.24% ± 2.09%
  1:3                                                              192.41 ± 2.58            93.53% ± 2.28%   10.54% ± 1.93%
  1:6                                                              257.69 ± 1.94            94.15% ± 1.36%   8.71% ± 1.76%
  1:9                                                              336.28 ± 3.62            92.16% ± 1.89%   5.89% ± 1.58%

**Note:** n = 3.

**Abbreviations:** EE, entrapment efficiency; DL, drug loading; PPD, 20(S)-protopanaxadiol.

###### 

Permeability of PPD and the mixed micelles (1:3)

  **Sample**       **P~app~ × 10^−\ 6^ (cm·s^−1^)**                        **P~B-A~/P~A-B~**   
  ---------------- ------------------------------------------------------- ------------------- ------------------------------------------------
  PPD              1.12 ± 0.21                                             2.42 ± 0.16         2.16
  Mixed micelles   1.78 ± 0.37[\*](#tfn7-ijn-8-545){ref-type="table-fn"}   2.12 ± 0.32         1.19[\*](#tfn7-ijn-8-545){ref-type="table-fn"}

**Notes:** Absorptive permeability was expressed as A-B, whereas secretory permeability was expressed as B-A. Efflux ratio was P~app~ (BL-AP)/P~app~ (AP-BL).

The data are presented as mean ± standard deviation, n = 3.

*P* \< 0.05 versus PPD group.

**Abbreviations:** AP, apical; BL, basolateral; P~app~, apparent permeability coefficient; PPD, 20(S)-protopanaxadiol.

###### 

Mean pharmacokinetic parameters of PPD after oral administration of PPD (4 mg/kg) and the mixed micelles (equivalent to 4 mg/kg PPD) in six Sprague Dawley rats

  **Parameters**         **PPD**          **Micelles (1:3)**
  ---------------------- ---------------- --------------------
  AUC~0--t~ (mg/L·min)   25.79 ± 9.34     59.14 ± 51.29
  AUC~0--∞~ (mg/L·min)   28.41 ± 8.22     61.47 ± 62.39
  MRT~0--t~ (min)        361.18 ± 49.84   322.48 ± 77.39
  MRT~0--∞~ (min)        489.76 ± 43.74   360.29 ± 85.38
  t~1/2~ (min)           373.73 ± 30.49   363.87 ± 30.93
  T~max~ (min)           90 ± 7.75        90 ± 22.58
  C~max~ (ng/mL)         74.87 ± 25.38    141.87 ± 63.26

**Notes:** The data are presented as mean ± standard deviation, n = 6.

**Abbreviations:** AUC, area under the curve; C~max~, maximum concentration; MRT, mass/retention time; PPD, 20(S)-protopanaxadiol; t~1/2~, half-life; T~max~, time to peak concentration.
